Type 1 diabetes is a complex and multifactorial autoimmune disease, in which, (pro-) insulin-specific T-cell responses have been described in lymphocytes obtained from nonobese diabetic (NOD) mice and (pre-)diabetic patients ([@B1][@B2][@B3]--[@B4]). In NOD mice, the insulin B:9-23 peptide sequence is a dominant epitope, and a single amino acid substitution in position 16 (B16:A) confers protection from the disease ([@B5][@B6]--[@B7]). Antigen-specific immunotherapies with whole insulin and B:9-23 peptide have been successful in preventing diabetes in NOD mice when administered via the subcutaneous, oral, or nasal route or via intramuscular DNA vaccination ([@B8][@B9][@B10][@B11][@B12][@B13][@B14][@B15][@B16][@B17]--[@B18]). The success in halting disease progression in prediabetic mice prompted physicians to establish similar protocols to test safety and efficacy in human prediabetic or diabetic subjects. To this end, clinical trials with nasal or oral whole insulin were conducted, which proved to be safe. However, diabetes progression was only slightly affected in a subset of insulin antibody--positive patients treated with oral insulin in the Diabetes Prevention Trial--Type 1 ([@B19][@B20][@B21][@B22][@B23]--[@B24]). In contrast, nasal insulin phase I--II trials in Finland ([@B21],[@B24]) and in Australia ([@B20]), during which insulin was administered daily, failed to provide therapeutic efficacy. Highlighting the difficulties we are facing to rationally translate antigen-specific therapies to humans, there are conflicting reports on the efficacy of nasal B:9-23 peptide immunization in the NOD mouse. Taken together, these studies suggest that the manner by which insulin therapy is administered is important ([@B25],[@B26]). Many variables may influence efficacy, including dose, frequency of administration, and the stage of the disease. Systematic investigation of each of these variables and combinations thereof is experimentally impractical because of the time constraints of in vivo studies, therefore necessitating biosimulation approaches.

The type 1 diabetes PhysioLab platform is a top-down, outcome-focused, large-scale mathematical model composed of ordinary differential and algebraic equations ([@B27],[@B28]). This model reproduces type 1 diabetes pathogenesis in female NOD mice from birth until disease onset, with extensive representation of critical biological processes that were described in the literature and take place in the pancreas, the pancreatic-draining lymph nodes (PDLN), the gut, the nasal-associated lymphoid tissue (NALT), and the peripheral blood.

In the present study, we used a cohort of virtual NOD mice (VM) with diversity in underlying pathophysiology to investigate how variations in dose, frequency, and age at treatment initiation may impact the efficacy of nasal B:9-23 peptide therapy. The VM program was designed based on the following assumptions: *1*) induction of Treg is beneficial for disease prevention, *2*) induction of Th1 responses (interferon \[IFN\] γ) is detrimental for diabetes progression, whereas *3*) induction of Th2 responses (interleukin \[IL\]-10 and IL-4) favor disease protection. In silico investigation of the underlying mechanisms predicted that too frequent nasal B:9-23 immunization would inhibit IL-10 induction and the generation of adaptive Treg (aTreg), which should be critical in mediating protection. The model also aided in defining the optimal time frame in which Treg and IL-10 would be induced after immunization, thereby mapping the timing for both as crucial biomarkers.

Laboratory experiments confirmed many of these predictions, establishing immunization frequency and induction of IL-10^+^ Treg as important considerations for the design of future clinical trials. Interestingly, in the initial and follow-up Peakman studies ([@B2],[@B29]), it became evident that naturally occurring circulating islet-specific IL-10--producing cells regulate proinflammatory Th1 responses in healthy individuals by linked suppression. This suggests than in certain circumstances, given the heterogeneity of human type 1 diabetes, IL-10 production could be sufficient in sustaining prolonged antigen-specific tolerance. Future and ongoing trials might benefit from less frequent immunization, for example the ongoing nasal insulin studies in Australia ([@B20]). Moving forward, better defining the immunological parameters that could serve as biomarkers is of particular importance for improving the previously failed clinical trials ([@B19][@B20][@B21][@B22]--[@B23],[@B30]) and for increasing the chance of success ([@B31],[@B32]).

RESEARCH DESIGN AND METHODS
===========================

Pharmacokinetic modeling of B:9-23 therapy.
-------------------------------------------

The pharmacokinetic (PK) profile for nasal B:9-23 in the blood and NALT was approximated using published data for nasal delivery of the Ac1-9 peptide, used to induce tolerance in murine experimental autoimmune encephalomyelitis ([@B33]).

VM.
---

VM were generated and validated as previously described ([@B28]). Briefly, individual VM were generated to represent variations in underlying physiology (supplementary Table 1, available at <http://diabetes.diabetesjournals.org/cgi/content/full/db10-0561/DC1>) by adjusting parameters representing various physiological processes. VM were then tested against a panel of internal validation protocols. Where necessary, parameter values were adjusted so appropriate behaviors to internal validation protocols were achieved. VM were considered valid if no further adjustments were necessary to pass a series of external validation protocols.

Experimental wet-lab NOD mice.
------------------------------

NOD/LtJ female mice were purchased from The Jackson Laboratories (Bar Harbor, ME) and maintained in the La Jolla Institute for Allergy and Immunology under pathogen-free conditions and handled in accordance with protocols approved by the organization\'s animal care and use committee.

Glucose monitoring.
-------------------

Blood glucose was monitored weekly with the OneTouch Ultra (LifeScan, Milpitas, CA) monitoring system. Diabetes was defined as two consecutive blood glucose values \>16.67 mmol/l.

B:9-23 peptide treatments.
--------------------------

Amino acid sequence: SHLVEALYLVCGERG was purchased from Abgent (San Diego, CA) with \>95% purity. Nasal administration: B:9-23 was diluted in sterile 1× PBS before given in the mouse nostril. Nasal immunization started either at 4 or 9 weeks of age, and two protocols were followed (high-frequency: 4, 9, 10, 11, 12, and 13 weeks of age and low-frequency: 4, 9, and 13 weeks of age). In some cases, the peptide was repeatedly given after 13 weeks of age every 4 weeks. The peptides were administered at each indicated time point for 3 consecutive days.

Intra-islet T-cell purification.
--------------------------------

Pancreata were digested with collagenase P (Roche Molecular Diagnostics, Pleasanton, CA), and islets were separated on a ficoll gradient (Histopaque 1077; Sigma-Aldrich, St. Louis, MO). Next, islets were dissociated into single cells. A mixture of islet cells and lymphocytes was used for further analysis.

Flow cytometry.
---------------

Single-cell suspensions, after a 2.4G2 blocking step, were stained with the directly conjugated antibodies: CD4-Pacific blue, CTLA-4-PE, CD25-FITC, and CD127-PeCy7 (BD Pharmingen, Biolegend, or eBioscience, San Diego, CA) (isotype controls for all antibodies were included). For intracellular Foxp3 detection, cells were fixed with Fix/Perm buffer and stained with anti--Foxp3-APC (eBioscience). Cells were acquired on a LSRII flow cytometer (BD Biosciences) and analyzed using FlowJo software (Treestar, Ashland, OR).

Assessment of cytokine production by single lymphoid cells (ELIspot).
---------------------------------------------------------------------

IL-10, IL-4, and IFNγ (BD Pharmingen and Biolegend) produced by lymphocytes were detected by ELIspot as previously described ([@B34]).

Histology.
----------

Pancreata were immersed in Tissue-Tek OCT (Bayer, Torrance, CA) and quick frozen on dry ice, and 6-μm tissue sections were prepared. Sections were stained for insulin and CD4 or CD8 as previously described ([@B34]). To detect Foxp3 by immunofluorescence (IFS), primary antibody (anti--Foxp3-FITC, clone FJK-16s \[4 mg/ml\]) was used and amplified with Alexa 488 rabbit anti-fluorescein (12.5 mg/ml) and Alexa 488 goat anti-rabbit (7.5 mg/ml). To detect CD4, anti--CD4 biotin (3 mg/ml) followed by Alexa 647--conjugated streptavidin (1/1,000) was used. After fixation with 4% paraformaldehyde, insulin was detected with polyclonal guinea pig anti-swine insulin (1/140) followed by Alexa fluor 594--conjugated anti--guinea pig (1/1,000) ([@B35]). Slides were mounted with Slowfade Gold Antifade Reagent and visualized under a Nikkon Marianas microscope. Insulitis scoring was performed as previously described ([@B34]).

Antibody treatments.
--------------------

Anti--IL-10 (clone JES5-2A5) was purchased from BD Pharmingen. Antibody-treated or control (IgG isotype treated) mice received 125 μg of antibody intreperitoneally twice at 5, 6, 10, 11, 14, and 15 weeks of age. Mice received a total of 12 antibody injections.

Intracellular cytokine staining and adoptive transfer experiments.
------------------------------------------------------------------

CD8-depleted lymphocytes from \>30-week-old nasal B:9-23--treated normoglycemic mice were cultured with 10 μg/ml B:9-23 in the presence of 50 units/ml rhIL-2 for 3 days. Next, cells were either stimulated with 5 and 2.5 μg/ml plate bound anti-CD3 and soluble anti-CD28, respectively, or 10 μg/ml B:9-23 with or without 50 units/ml rhIL-2 before being assayed for intracellular cytokine staining with the BD cytofix/cytoperm kit. After B:9-23/IL-2 stimulation, cells were collected using the mouse IL-10 secretion assay (Miltenyi Biotech, Auburn, CA) according to the manufacturer\'s protocol. Approximately 1 × 10^6^ IL-10^+^ or IL-10^−^ purified lymphocytes were adoptively transferred intravenously into 6- to 8-week-old not previously manipulated NOD mice.

Statistical analysis.
---------------------

Data are expressed as a means ± SD. The statistical significance of the difference between means was determined using the two-tailed Student *t* test or the log-rank test. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.005.

RESULTS
=======

Unexplained divergences in efficacy with various therapeutic nasal B:9-23 regimens.
-----------------------------------------------------------------------------------

Nasal B:9-23 peptide therapy has been used with mixed efficacy to induce tolerance in prediabetic NOD mice. A comparison of all published protocols shows differences in dose and frequency of administration. Daniel et al. ([@B9]) showed that 40 μg of B:9-23 given over 3 consecutive days at 4 weeks of age and then again every 4 weeks beginning at 9 weeks of age induced tolerance. By contrast, Kobayashi et al. ([@B12]) did not observe efficacy when 20 μg of the peptide was given over 5 consecutive days at 4 weeks of age and then once a week for 5 weeks thereafter. Because the impact of age at treatment initiation had not been assessed in either of these studies, and to obtain further constraints for the modeling effort, we used one additional protocol. In these experiments, nasal B:9-23 therapy failed to confer protection at two different doses (40, 100 μg/mouse) when immunizations were started in 10-week-old mice ([Fig. 1](#F1){ref-type="fig"}*A* and *B*). The complex differences between these immunization protocols provided the rationale for computer modeling to more precisely define our experimental options.

![Two different amounts of B:9-23 peptide cannot protect from diabetes when administered nasally in 10-week-old NOD mice. *A*: Graphic representation of the B:9-23 nasal immunization protocol followed. Ten-week-old NOD mice received 40 or 100 μg B:9-23 peptide nasal every other day for the first 2 weeks and once a week for the following 5 weeks. *B*: There was no protection from diabetes after following the protocol described in *A*. Efficacy of treatment was assessed by monitoring blood glucose over time (*n* = 12 in all groups). Mice were considered diabetic when blood glucose was \>16.67 mmol/l for two consecutive weekly measurements. *C*: Multiphasic dose responses were predicted for the protocols presented in supplementary Table 1. Nasal B:9-23 peptide therapy was simulated for the Daniel (green solid line), Kobayashi (red solid line), and von Herrath (red dashed line) protocols across a wide range of doses (*x*-axis). The shaded box indicates the peptide range (10--100 μg) used to calibrate the VM. Efficacy represents the number of VM that were protected from diabetes.](zdb0121064000001){#F1}

Impact of dose and age at treatment initiation on the efficacy of nasal B:9-23 peptide therapy.
-----------------------------------------------------------------------------------------------

VM were calibrated to capture the above-described wet-lab experiments including the Daniel and Kobayashi protocols (supplementary Table 1). Subsequently, this VM cohort was used to assess the impact of three major parameters: dose, frequency of administration, and age at treatment initiation on therapeutic efficacy. Dose responses were simulated for all reported protocols, as shown in [Fig. 1](#F1){ref-type="fig"}*C*. A biphasic efficacy profile was predicted to occur with all three protocols, similar to what had previously been described for mucosal insulin ([@B36]) and cholera toxin B administrations ([@B8]). Importantly, efficacy was predicted over a much larger range at lower doses for the Daniel protocol, which administered insulin peptide at less frequent dosing periods. Thus, variations in dosing protocol can impact the therapeutic dose window and pose a significant challenge for clinical translation. Although all protocols were predicted to be effective at much higher doses, solubility concerns will preclude using such doses experimentally. Efficacy of nasal B:9-23 was predicted to decrease if treatment was started at a later age (supplementary Fig. 1*A* and *B*). To test this prediction, the Daniel protocol was initiated in vivo in older NOD mice, at 9 weeks of age. Treatments that began at 9 instead of 4 weeks of age showed a lesser protective effect (supplementary Fig. 1*C*), consistent with the simulation results.

More frequent immunization is predicted to interfere with efficient Treg induction that is required to protect from type 1 diabetes.
------------------------------------------------------------------------------------------------------------------------------------

Three major cell populations contributing to disease pathogenesis are represented in the PhysioLab platform: Th1, Th2 cells, and Treg (supplementary Table 2). Both adaptive (aTreg) and natural (nTreg) are represented, with aTreg comprising characteristics of both Tr1 and Th3 cells in the model. To gain a better understanding of the mechanisms underlying the efficacy of nasal B:9-23 therapy, we selectively turned off various of those mechanisms and reassessed the VM over a specified dose range after B:9-23 nasal immunization following the von Herrath protocol ([Fig. 2](#F2){ref-type="fig"}*A*). At effective low doses, induction of B:9-23--specific Treg and Th2 cells were predicted to confer protection (blue line), whereas peripheral T-cell deletion (green line) was less important. Within both characterized Treg populations, nTreg induction did not seem to be important in conferring protection after nasal B:9-23 immunization, and it was induced by all three protocols in the NALT ([Fig. 2](#F2){ref-type="fig"}*B*). In contrast, ineffective doses were predicted to be the result of aTreg deletion in the NALT because turning off this mechanism resulted in protection of all the VM (orange line). Closer looks at Treg dynamics in the model revealed that aTreg, however, was induced to a much greater extent by the effective Daniel protocol ([Fig. 2](#F2){ref-type="fig"}*C*). More importantly, induction of aTreg by the ineffective protocols appeared to be actually hampered by the frequent, weekly immunizations, suggesting that too frequent immunizations might lead to aTreg deletion.

![Loss of efficacy after high nasal B:9--23 immunization frequency is predicted to be attributed to lower induction of aTreg in the NALT. *A*: Mechanisms driving predicted efficacy differ at low and high doses. Nasal insulin B:9-23 peptide therapy was simulated and protection from diabetes assessed using the von Herrath protocol over a dose range with various pharmacokinetic effects (PK) turned off. Only results with differences from control (all effects on) are shown. *B* and *C*: Increased immunization frequency is associated with lower induction of aTreg in the NALT. Time of administration for each protocol is indicated by colored dots. Model readouts for NALT aTreg (*B*) and nTreg (*C*) cells were assessed for each protocol (black, untreated; red, Daniel protocol; blue, Kobayashi protocol; green, von Herrath protocol). A single representative VM is shown.](zdb0121064000002){#F2}

More frequent immunization decreases efficacy of nasal B:9-23 therapy in vivo by impairing Treg induction.
----------------------------------------------------------------------------------------------------------

To test the hypothesis that too frequent immunization is detrimental for Treg induction in vivo, mice were divided into high- and low-frequency immunization groups. Two specific immunization protocols based on predictive outputs from the platform were implemented in the wet lab, described in [Table 1](#T1){ref-type="table"}. No protection was predicted in any of the VM following the high-frequency protocol ([Fig. 3](#F3){ref-type="fig"}*A*). Evaluation of the antidiabetogenic properties of B:9-23 peptide immunizations in vivo according to both protocols showed that indeed in live NOD mice the low-frequency protocol was more effective than the high-frequency one ([Fig. 3](#F3){ref-type="fig"}*B*). In all cases, treatment was initiated at the 4-week-old periinsulitis stage, and the mice were immunized with 40 μg of B:9-23. It is important to note here that simulated responses to alternate protocols provide insight into which protocols are most robust against variability or unknowns in the underlying disease and are to be interpreted as relative ranking of protocols rather than quantitative predictions of protection.

###### 

Nasal B:9-23 peptide protocols optimized and recommended by the type 1 diabetes PhysioLab platform

  Protocol         Initial treatment   Follow-up treatment   In silico prediction                                                     
  ---------------- ------------------- --------------------- ---------------------- ----------------------- ---- -------------------- ----------------
  Low frequency    4                   40                    3 consecutive days     9 and 13                40   3 consecutive days   Protective
  High frequency   4                   40                    3 consecutive days     9, 10, 11, 12, and 13   40   3 consecutive days   Not protective

![Validation of predicted nasal B:9-23 immunization frequency influence on diabetes incidence and Treg levels by laboratory measurements. *A* and *B*: High-frequency immunization decreases efficacy. *A*: In silico simulation showing expected impact on blood glucose (mmol/l) in a representative virtual NOD mouse. *B*: Nasal B:9-23 administration upon low-frequency immunization protects from type 1 diabetes. Percentage of mice developing diabetes after high- or low-frequency immunizations started at 4 weeks of age with 40 mg B:9-23 peptide. At least 12 mice were included in each experimental group. Each immunization protocol was repeated in at least two independent experiments. \**P* \< 0.05 between immunization groups. *C--E*: High-frequency immunization is predicted to decrease efficacy because of the deletion of aTreg in the NALT. Simulation results for Treg levels in the NALT (*C*), PDLN (*D*), and peripheral blood (*E*) in a representative VM. The green boxes indicate the suggested-by-the-model-age window at which the laboratory measurements should be conducted. *F--H*: Nasal B:9-23 administration upon low-frequency immunization induces Treg and protects from type 1 diabetes. Treg frequency (%CD25^+^Foxp3^+^ gated on CD4^+^CD127^low^, \>95% of CD4^+^ were CD127^low^) in the spleen (*F*), PDLN (*G*), and blood (*H*) over time after high- or low-frequency immunizations (*n* = 4 mice per group). \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.005 between immunization groups. Data are means ± SE.](zdb0121064000003){#F3}

Moreover, the PhysioLab platform predicted changes in Treg populations within the NALT, islets, blood, and PDLN, as described in [Fig. 3](#F3){ref-type="fig"}*C--E*. Elevations in Treg were predicted to peak at ∼1--2 weeks after each round of immunization in the NALT and blood but not in the PDLN for the low-frequency protocol (blue line). In contrast, no Treg elevation was predicted after the follow-up immunization period using the high-frequency protocol. We measured blood Treg between 10 and 12 weeks of age, corresponding to 1--3 weeks after immunization in order to test predictions of the model. In agreement with the in silico predictions, elevated Treg frequency defined as CD4^+^CD25^+^Foxp3^+^ ([@B37]) was observed at weeks 10 and 11 in the blood of mice immunized with the low-frequency protocol ([Fig. 3](#F3){ref-type="fig"}*F--H*). Interestingly, we also observed in these wet-lab studies that reduced Treg expansion occurred as a result of more frequent dosing, which was associated with lack of protection from diabetes. In addition, no significant differences were observed for Treg levels in the PDLN (Fig. *3G*). Altogether, these results provide additional confidence in the model and suggest that Treg induction and subsequently protection from diabetes in the NOD mice by nasal B:9-23 administration will perhaps more easily occur in vivo when a lower-frequency immunization protocol is chosen.

Lower frequency of nasal B:9-23 immunization decreases insulitis and increases Treg frequency within the inflamed islets.
-------------------------------------------------------------------------------------------------------------------------

To determine the extent of islet infiltration following nasal B:9-23 immunization, pancreata from nondiabetic mice of all treatment groups were histologically examined at 12 weeks of age. As shown in [Fig. 4](#F4){ref-type="fig"}*A--C*, the majority of islets in animals treated with the low-frequency protocol was minimally inflamed or had mild peri-insulitis. In contrast, most of the islets of normoglycemic mice that received the high-frequency immunization protocol had much greater CD4^+^ and CD8^+^ T-cell infiltrates. Furthermore, when scoring of the islets was undertaken, mice that received the high-frequency protocol showed a relatively greater degree of insulitis than the control mice.

![Nasal B:9--23 administration started at 4 weeks of age upon low-frequency immunization decreases insulitis and increases Treg in the islets. *A--C*: Reduced insulitis in low-frequency B:9-23 nasal immunized NOD. *A*: Pancreatic sections from B:9-23 nasally treated and control (PBS) mice were scored as described in [research design and methods]{.smallcaps}. The percentages represent the number of islets of a given score over the total number of islets examined. Scoring was performed on histological sections derived from 12-week-old nondiabetic mice (*n* = 4 mice per group). *B*: Pancreatic histology. Pancreatic sections (6 μm thick) were stained for insulin (blue) and CD8 (red) (*C*) or CD4 (red) (*D*) and analyzed at ×10 magnification. All histological sections shown were derived from 12-week-old nondiabetic mice. *D--F*: Increased Treg numbers in the islets of B:9-23--immunized mice. *D*: In silico--predicted changes in Treg levels within the pancreatic islet. The green box indicates the suggested-by-the-model-age window at which the laboratory measurements should be conducted. *E*: Actual Treg frequency as determined by measuring Foxp3^+^ cells per CD4^+^ cells per islet according to degree of insulitis. Same histological sections as in *B* and *C* were analyzed after immunofluorescent staining (IFS) for CD4, insulin, and Foxp3. Data are means ± SE. *F*: Representative microphotograph from each group of mice with insulitis degree 4 is shown at ×20 magnification (IFS for CD4 in blue, insulin in red, and Foxp3 in green). \**P* \< 0.05 between PBS and high-frequency, high-frequency versus low-frequency immunization. \*\**P* \< 0.01 between PBS and low-frequency immunization. (A high-quality digital representation of this figure is available in the online issue.)](zdb0121064000004){#F4}

Intra-islet Treg numbers were predicted to be increased after the low-frequency, but not the high-frequency, immunization protocol ([Fig. 4](#F4){ref-type="fig"}*D*). To selectively identify and quantify Treg within the islets, immunofluorescent staining for the presence of Foxp3^+^ cells was conducted in pancreatic sections. Interestingly, highly inflamed islets with a high Treg density were indicative of treatment success. In the low-frequency treatment group, a remarkable increase in Treg density, particularly in islets with high degree of inflammation (score \>3), was seen ([Fig. 4](#F4){ref-type="fig"}*E* and *F*) (islets with similar degree of inflammation were compared between groups). Therefore, after B:9-23 nasal treatment, a relatively linear correlation between degree of insulitis and Treg frequency was observed: the higher the inflammation, the more Foxp3^+^ cells present, with frequency that exceeded 20%. In contrast, in untreated mice a slight decline in Foxp3^+^ cells frequency in islets with higher degree of inflammation was observed. This may be because of an inherent defect in expressing sufficient amounts of CD25 and Bcl-2, resulting in early cell death ([@B38]).

Prediction and validation of increased islet levels of IL-10 following the low-frequency protective B:9-23 immunization protocol.
---------------------------------------------------------------------------------------------------------------------------------

Simulation results predicted an elevation in IL-10 and IL-4 but a decline in IFNγ intra-islet cytokine levels at 11--12 weeks of age following the low-frequency immunization protocol ([Fig. 5](#F5){ref-type="fig"}*A--C*). On the other hand, for the same time point, in mice immunized with the high-frequency protocol, predictions showed reduced intra-islet IL-10 levels. To test these predictions, IL-10, IL-4, and IFNγ were measured by ELIspot immunoassay. Although IL-17 was shown to be involved in hindering nasal peptide tolerance induction in experimental autoimmune encephalomyelitis ([@B39]), here it was not modeled due to its insufficient knowledge in diabetes pathogenesis. Interestingly, as shown in [Fig. 5](#F5){ref-type="fig"}*[D]{.smallcaps}* and *E*, an increase of IL-10 production in the intra-islet--derived lymphocytes was observed. Similarly in the PDLN, as shown in [Fig. 6](#F6){ref-type="fig"}*C*, IL-10 levels were increased, whereas IL-4 levels were slightly but not significantly higher in the blood and spleen of mice that had received the low-frequency protocol. Moreover, IL-4 levels between untreated and low-frequency--treated mice were not different. Unexpectedly, IFNγ was elevated with the low-frequency protocol particularly in the spleen [Fig. 6](#F6){ref-type="fig"}*A*. This observation could reflect the unconventional protective role for IFNγ, whereby IFNγ may suppress pathogenic IL-17 producing T-cells ([@B40]).

![Validation of the predicted changes in intra-islet IL-10 cytokine levels after nasal B:9-23 immunization by laboratory measurements. *A--C*: Low-frequency immunization is predicted to decrease IFNγ and increase IL-10 levels in the pancreas. Simulation for intra-islet levels for IFNγ (*A*), IL-4 (*B*), and IL-10 (*C*) over time in VM treated with either low-frequency (blue) or high-frequency (red) nasal B:9-23 protocol. The green boxes indicate the suggested-by-the-model-age window at which the laboratory measurements should be conducted. *D* and *E*: Laboratory measurements show an increase in IL-10 levels in the intra-islet lymphocytes isolated from the pancreas of 12-week-old mice. *D*: Number of B:9-23--reactive per 2.5 × 10^5^ T-cells producing IFNγ, IL-4, and IL-10 in pancreas (intra-islet) from treated and control mice following B:9-23 in vitro restimulation. ELIspot was performed after 3 days in vitro stimulation in the presence of 10 μg/ml B:9-23 and 50 μ/ml rhIL-2. The bars represent the average of antigen-specific responder cells after subtracting the background (without \[w/o\] stimulation) (*n* = 4 mice per group) ± SE. \**P* \< 0.05 between high-frequency and low-frequency immunization. *E*: Representative spot pictures for IL-10 assayed in the pancreas. (A high-quality digital representation of this figure is available in the online issue.)](zdb0121064000005){#F5}

![Increased IFNγ cytokine levels in the spleen and IL-10 levels in the PDLN after low nasal B:9-23 immunization. *A--C*: Laboratory measurements suggest an increase in IFNγ levels and IL-10 in the spleen and PDLN, respectively. Number of B:9-23--reactive T-cells producing IFNγ, IL-4, and IL-10 in the spleen (*A*), blood (*B*), and PDLN (*C*) of B:9-23 nasal-treated and control mice following B:9-23 in vitro restimulation after subtracting the background (without stimulation). ELIspot was performed using CD8-depleted splenocytes from 12-week-old mice stimulated in vitro for 3 days in the presence of 10 μg/ml B:9-23 and 50 μ/ml rhIL-2. The bars represent the average ±SE of antigen-specific responding cells (*n* = 4 mice per group).](zdb0121064000006){#F6}

Further in silico analysis suggested that effective nasal B:9-23 treatment should be most sensitive to IL-10 and with negligible sensitivity to IL-4 ([Fig. 7](#F7){ref-type="fig"}*A*). Therefore, to test the importance of IL-10 in B:9-23--mediated tolerance, mice receiving the low-frequency protocol were treated intraperitoneally with anti--IL-10 neutralizing antibody. Given that the model predicts a delay of 1--2 weeks after nasal immunization for aTreg ([Fig. 2](#F2){ref-type="fig"}*C*) and IL-10 levels ([Fig. 5](#F5){ref-type="fig"}*C*) to increase, anti--IL-10 was administered in vivo 1 and 2 weeks after each nasal immunization (i.e., at 5, 6, 10, 11, 14, and 15 weeks of age). In vivo IL-10 neutralization abrogated the nasal B:9-23 protective effect as shown in [Fig. 7](#F7){ref-type="fig"}*B*. Interestingly, IL-10 neutralizing antibody had to be administered after each round of nasal B:9-23 treatment, and normal progression to diabetes was not restored when it was only administered at 10 and 11 weeks of age, while anti--IL-10 treatment alone slightly but not significantly increased disease progression in untreated NOD mice (data not shown).

![In silico analysis predicts and laboratory measurements verify that IL-10 is the major cytokine mediator in achieving tolerance after nasal B:9-23 low-frequency immunization. *A*: Efficacy of nasal B:9-23 treatment is most sensitive to inhibition by IL-10, whereas negligible sensitivity to IL-4 is predicted. Low-frequency immunization was simulated in VM where IL-10 (blue) or IL-4 (red) was inhibited from 0 to 100%. *B*: IL-10 neutralization inhibits nasal B:9-23 tolerogenic effect. Live NOD mice treated with the low-frequency immunization protocol were divided in two groups. One group received anti--IL-10 neutralizing antibody, while in the second group the isotype antibody control was administered. Treatments were initiated at 4 weeks of age. Anti--IL-10 or isotype control was given to the mice (125 μg/mouse per injection) intraperitoneally twice a week at 5, 6, 10, 11, 14, and 15 weeks of age. The mice received a total of eight antibody injections. At least eight mice were included per experimental group (\**P* \< 0.05). Mice receiving anti--IL-10 alone without the peptide treatment showed similar type 1 diabetes progression to the ones being completely unmanipulated (data not shown). *C* and *D*: IL-10--producing cells induced after nasal B:9-23 treatment mediate the protection. CD8-depleted cells from B:9-23--immunized and --protected mice were pooled together and cultured in the presence of B:9-23 (10 μg/ml) and rhIL-2 (50 units/ml) for 3 days. Subsequently, cells were assayed for cytokine production by intracellular cytokine staining after restimulation with anti-CD3/anti-CD28 or B:9-23 with or without rhIL-2 and fresh TDS (gate on CD4^+^). *D*: IL-10^+^ and IL-10^−^ cells (∼10^6^) were prepared with the Miltenyi kit after restimulation with fresh TDS, B:9-23, and rhIL-2. *C*: Cells were transferred into 6- to 8-week-old prediabetic hosts in three independent experiments with two to three mice per group. Diabetes incidence was followed for up to 30 weeks of age, and the results shown are cumulative with at least six mice per group.](zdb0121064000007){#F7}

Further adoptive transfer studies shown in [Fig. 7](#F7){ref-type="fig"}*C* and *D* confirmed that IL-10--producing Treg could transfer protection following nasal B:9-23 treatment. In these studies, CD4^+^ T-cells derived from normoglycemic ∼30-week-old nasal B:9-23--protected mice were activated with B:9-23 and IL-2 in vitro leading to a significant number (2%) of IL-10^+^ B:9-23--specific cells. IL-10^+^ cells were purified and adoptively transferred into nonimmunized 6- to 8-week-old NOD hosts. Importantly, short-term protection was only conveyed by the IL-10^+^ Treg ([Fig. 7](#F7){ref-type="fig"}*C*). Altogether, these results demonstrate that IL-10 is essential for protection from diabetes after nasal B:9-23 treatment, thus confirming our in silico predictions.

DISCUSSION
==========

Although many approaches to induce antigen-specific tolerance to prevent type 1 diabetes have been successful in the NOD mouse, translating these strategies to humans has been challenging given the multitude of variables that can affect the outcome ([@B41]). In NOD mice, factors related to the precise therapeutic regimen are rather impractical to systematically investigate in the laboratory due to the very large number of possible combinations of multiple parameters. Furthermore, intramouse variability of disease pathogenesis even in inbred organisms presents another complicating issue necessitating the use of groups with large numbers of mice. Last, development of reliable biomarkers that, for example, would track the successful induction of Treg at the correct time postimmunization has also been slow, because the optimal time point of sample recovery is unknown. Here, we demonstrate that biosimulation can be a useful tool to explore variations in the protocol regimen and define optimal time points to test Treg induction as well as point toward crucial biologic factors mediating tolerance. Overall, our present study demonstrates that simulation results can be used to focus and guide laboratory experiments and optimize treatment regimens for type 1 diabetes. Our in silico simulation investigated the effect of dose, frequency, and age at initiation on the efficacy of nasal B:9-23 treatment in a cohort of VM. Nasal B:9-23 immunization appeared to be efficacious at low and high doses but not at intermediate doses. With respect to age, efficacy was generally predicted to be biphasic and better when treatment was started earlier. In addition, and possibly of high importance for ongoing nasal insulin trials, in silico analysis predicted that too frequent immunization was ineffective, while lower immunization frequency induced increased IL-10 levels and aTreg induction. This resulted in a much larger efficacious dose range for lower insulin doses that lead to efficient Treg induction. In other words, by reducing the frequency of insulin administration, even higher doses could still result in tolerance. This might have important implications for human trials with nasal and oral insulin, where the optimal efficacious dose is still unknown but where the immunization frequency could be reduced.

The in silico prediction that too frequent immunization can be detrimental was corroborated by subsequent in vivo experiments. Furthermore, the predicted underlying mechanism of increasing Treg levels with low-frequency dosing was also confirmed, as was the association with higher IL-10 levels in the pancreas. Moreover, in vivo blockade of IL-10 and adoptive transfer of B:9-23--specific IL-10--producing Treg attributed a key role to this cytokine in nasal B:9-23 therapy. Interestingly, the role of IL-10, derived by induced Tr1/Th3 cells or CD4^+^CD25^+^Foxp3^+^ aTreg in nasal autoantigen-induced tolerance, has been described before ([@B42][@B43]--[@B44]). Here, we cannot dissect the relative involvement of both cell populations in establishing nasal tolerance, as the aTreg representation in the model is generic to encompass characteristics of Tr1 and Th3 cells. Although further experimentation is necessary to thoroughly address each mechanism, our results provide evidence that the top-down approach to modeling disease we applied had sufficient detail to be predictive.

While our laboratory experiments provided additional validation for the predictive capacity of the type 1 diabetes PhysioLab platform, not all model predictions were consistent with laboratory experiments (summarized in supplementary Table 4). For example, Treg frequency in the pancreas was predicted to be increased predominantly by the low-frequency protocol at the time point indicated but was actually elevated by both low- and high-frequency protocols compared with controls. However, high-frequency immunization induced increased insulitis, whereas it delayed type 1 diabetes progression to a limited degree. Presumably, the high degree of lymphocytic infiltration was counterregulated by an increased frequency of Tregs in the islets in this scenario. Since mucosal autoantigen administration can at very high doses induce cytotoxic T-cell responses accelerating type 1 diabetes onset in mice ([@B45]), caution should be taken when applying antigen-specific immunotherapy at very high dosages or very high frequencies, or both, for the treatment of human autoimmune disease. While our top-down modeling approach is not infallible and has some deficiencies and inaccuracies, it is still able to have good predictive capacity. As modeling is an iterative process, these discordant data may be incorporated into the next generation of VM to build upon and enhance the predictive capacity of the model.

The wet-lab observation that low-frequency dosing may increase IFNγ levels in the spleen also suggested that IFNγ might have a yet unappreciated role in type 1 diabetes in the NOD mouse. A recent report ([@B40]) indicated that IFNγ could, by reducing IL-17, have a protective role in autoimmune diabetes. The current version of the platform assumes that IFNγ has only pathogenic effects and does not have a representation for IL-17. This illustrates the need for future expansion of the platform to include alternative functions of IFNγ, and perhaps representation of Th17 cells and IL-17, to explore the potential impact of this biology as its role in type 1 diabetes continues to emerge. Overall, we can see here that one of the strengths of the top-down modeling approach is that it can be predictive despite lacking every possible detail. This study demonstrates the utility of mechanism-based biosimulation methods to efficiently optimize dosing schedules where the combinations of the variables that need to be tested in the laboratory render the task impractical and to provide guidance for when to measure candidate biomarkers. Our results suggest that immunization frequency should be a major consideration for ongoing clinical trials that aim to induce tolerance in humans and that IL-10 and Treg levels may be useful biomarkers to predict efficacy of treatment.

Last, humanization of the PhysioLab platform should be warranted to give guidance for improved design of future clinical trials. What we envision in humans, where type 1 diabetes is a lot more heterogeneous, is the generation of a general platform, which will be easily adapted to each individual characteristics (i.e., family history, genetic background, number and titers of autoantibodies, glycosylated hemoglobin, and C-peptide levels). Thus, personalized simulations will become possible and customized treatments would be suggested on an individual basis.
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